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1. Introduction
Recent technology development in automotive field
requires lightweight material which has high strength. 
Exploration of new materials has high impact in the study 
of change in strain, especially when subjected to high 
velocity impact [1,2]. Changing strain at high velocity 
impact affects the material's energy absorption and 
prevents the occurrence of fracture failure [3,4]. The 
magnesium alloy is characterised as lightweight materials 
and has high energy absorption capability. Magnesium 
alloys can naturally withstand impacts effectively because 
of their unique combination of high tensile strength, low 
density, and superior shock absorbency which are 100 
times greater than that of ordinary aluminium alloys [5] 
Magnesium has a hexagonal close-packed structure 
(HCP). This structure affects the strength and ductility of 
materials because there are voids between the molecules 
[6,7]. Therefore, it is necessary to have a material that is 
able to fill these voids in order to prevent the structural 
collapse of the material. The most suitable materials to 
fill those voids are carbon nanotubes (CNTs). CNTs have 
unique characteristics that can generate strong materials 
with enhanced energy absorption properties, and many 
researchers have acknowledged that CNTs can improve 
the strength of materials [8,9]. CNT materials are 
produced from nano-technology for the purpose of filling 
the voids in structures and producing van der Waals 
bonds within them [10]. In addition, lead (Pb) materials 
are also being used extensively to increase the absorption 
of energy as well as to enhance the ductility of materials. 
Since an increase in the ductility of a material is directly 
proportional to the elasticity of the material, an increase 
in the lead content can have an effect on the enhancement 
of the ductility of AZ31B [11]. 
Magnesium alloy can be good as ballistic resistance, 
but it must improve the material properties of magnesium 
alloy in terms of high velocity impact. This study 
determined the effects of energy absorption on the 
material AZ31B with reinforcement of Pb and CNT under 
high velocity impact. This study focused on simulation 
lead to observe the material behaviour in terms of energy 
absorption. It showed that reinforcement material 
improved the material properties of lightweight material 
in term of ballistic impact resistance. 
2. Methodology
The methodology used for this study is shown in the
flow diagram in Fig.  1. The sample was first prepared to 
Abstract: This paper presents the fracture behaviour of magnesium alloy (AZ31B) with the reinforcement of 
carbon-nanotube (CNT) and lead subjected ballistic impact. Magnesium alloys are material that can absorb impact 
energy, however the absorption energy can be increased with the alloy reinforcement with nano-partial. This paper 
leads to two parts which are experiment and simulation of gas gun. The projectile used was a cone-nose type with 
diameter of 11 mm made by steel series 1006. The simulation used Cowper-Symonds model to see material 
behaviour with 25 mm thickness. The correlation of the experiment and simulations was evaluated to see the 
accuracy of simulations made. It was shown that the value of R2 was 0.9588 where simulation can be used to 
predict the ballistic impact on 600 m/s velocity. From the simulation results, it was found that the depth of 
penetration for Magnesium alloy AZ31B reinforced with CNT and Pb showed good agreement findings. The depth 
of penetrations onto the simulation were obtained between 15 to 25 mm. The added reinforcement materials 
provide a reduction in the depth of penetration of 40% compared to the original Magnesium alloy AZ31B. Thus, 
this type of magnesium alloy reinforced with CNT and Pb is suitable for ballistic resistant panel with weight saving 
determination on armoured vehicle. 
Keywords: Ballistic; CNT; depth of penetration; Lead; Magnesium alloy AZ31B 
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enhance the determination of ballistic resistance of 
magnesium alloys with the combination composition of 
CNT and Pb. 
 
Fig. 1 Flow diagram of the methodology applied in the present 
work 
 
2.1 Simulation work 
A specific simulation software package was used to 
develop a three-dimensional (3D) model for the ballistic 
tests. The 3D model shows the effect of ballistic impact 
on the AZ31B plate. Finite element analysis was used to 
accommodate the Cowper-Symonds (CS) material model. 
The CS material model was used because it considers the 
damage evolution in the fracture and the thermal sorting 
effect in the material behaviour. This model is commonly 
used for impact simulation [12]. The CS model is 
represented by the following eq. (1): 
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where C and p are the Cowper-Symonds coefficients, έ is 
the strain-rate, σy is the dynamic stress or strength 
and σ0  is the quasi-static stress or strength. The 
coefficients obtained for Eq. 1 are presented in Tables 1, 
along with the strain rate range of applicability and the 
mean squared value, R
2
 for the tested materials. CS 
parameters for steel 1006 was referred to previous study 
[12] while the CS parameters for the magnesium alloy 
AZ31B and AZ31B + Pb + CNT were obtained from 
experimental work which involved the tensile test and 
split-Hopkinson pressure bar test.  
Fig.  2 shows the simulation model set up for gas 
gun and the projectile used was conic nose steel 1006 
projectile with a diameter of 11 mm. The velocity 
performed was 143.44 m/s and 286.88 m/s because of the 
machine capability. Therefore, this simulation was 
predicted on energy equivalent method based on previous 
study [10] to determine the initial velocity required for 
this projectile and the initial velocity obtained was 600 
m/s. 
 
Table 1. Material Properties and Cowper-Symonds model 
parameters [12] 
 
Material 
Properties 
Steel 1006 AZ31B 
AZ31B 
+Pb 
+CNT 
Density, ρ 
(kg/m
3
) 
7872 1770 1770 
Young's 
Modulus, E 
(GPa) 
206 45 45 
Yield Strength, 
σ (MPa) 
165 220 220 
Strain rate 
constant, C 
80 7124.56 3574.73 
Strain rate 
exponent, q 
4 1.56 3.47 
mean squared 
value, R
2
 
[12] 0.9123 0.8900 
 
 
 
Fig. 2 Geometric model and boundary condition used for 
the simulation gas gun 
 
2.2 Experimental work 
Fig.  3 shows the gas gun system used. Helium gas 
was flowed onto the pressure tank to give pressure to 
push the bullet. This pressure can be adjusted at the 
control panel to play a role in the velocity of the bullet. 
The speed of bullet was measured using velocity gauge in 
front of the barrel. Fig.  4 shows the shape and size of the 
bullet used. The bullet used was a steel 1006 series and 
10.68 grams of weight. The barrel of gas gun system used 
was about 3.0 metres. The surface of bullet must be 
finished using fine sandpaper on the 800 and 1200 
surface roughness level [4]. This was to prevent internal 
barrel surface scratches that can cause uneven pressure to 
the bullet in the barrel. It would give the bullet not routed 
right to the target sample, on the other hand the bullet 
deflected to other directions. Based on the limitation of 
equipment, the speed of this experiment was at 143.44 
m/s and 286.88 m/s. These speed were obtained based on 
the measure gauge velocity in front of the barrel. This 
experiment was carried out on a sample AZ31B +% CNT 
+% Pb. Experiment is important in selecting materials 
that have high ballistic resistance, with a sample size of 
100 mm (L), 100 mm (W) and 25 mm (t) as shown in Fig.  
5. The depth of penetration, which is the bullet entering 
the sample was taken into account to see related ballistic 
resistance. 
Velocity: 600 
m/s 
Boundary 
condition: Fix 
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Fig. 3 Gas gun system for high velocity impact 
 
 
Fig. 4 Dimension bullet type steel series 1006; (a) the 
external Diameter, (b) the overall length, (c) Geometry 
bullet. 
 
 
Fig. 5 Sample size for gas gun experiments 
 
3. Results and Discussion 
Analysis of the gas gun using velocity impact at 
143.44 m/s and 286.88 m/s obtained from measurement 
of the velocity gauge system. The simulation and 
experiment analysed the correlation to get an accuracy of 
the two methods used. Figure 6 shows the comparison 
between the simulation and experiment results using a 
sample AZ31B with CNT and Pb at 143.44 m/s velocity. 
The comparison was made, based on the depth of 
penetration and diameter penetration on the sample plate. 
Figure 7 shows the comparison between the simulation 
and experiment results using a sample AZ31B with CNT 
and Pb at 286.88 m/s velocity. The comparison was also 
based on the depth of penetration and diameter 
penetration on the sample plate. On the other side of the 
bullet shows the equivalence between simulation and 
experiment.  
 
Depth of penetration 
 
Diameter penetration 
(a) (b) 
Fig. 6 Comparison depth of penetration and diameter for 
mixture AZ31B with CNT and Pb at velocity 143.44 m/s              
(a) simulation, (b) experiment 
 
Depth of penetration 
 
Diameter penetration 
(a) (b) 
Fig. 7 Comparison depth of penetration and diameter for 
mixture AZ31B with CNT and Pb at velocity 286.88 m/s              
(a) simulation, (b) experiment 
 
Table 2 shows the data simulation and experiment on 
a sample of AZ31B with CNT and Pb applied at a 
different velocity. These data reflect a similar trend and it 
was a valuation of the correlation between experiment 
and simulation impact. Figure 8 shows the correlation 
graph of experiment and simulation on the gun gas 
impact. This correlation is related to the depth of 
Gas pressure 
Control panel 
(a) 
(b) (c) 
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penetration and diameter penetration. It was measured on 
the plate surface at 143.44 m/s and 286.88 m/s velocity. It 
was found, the correlation of R
2
 was 0.9588 which is 
close to 1.000 (idea condition). This valuation in excess 
85% of equivalents, which can be accepted in the 
statistical method [13-16]. Thus, the simulation can be 
done to estimate for each sample gas gun impact imposed 
at a higher velocity. The next velocity used to simulate 
was at 600 m/s velocity which accounted equivalent to 
kinetic energy from the bullet type 5.56 mm NATO FMJ 
which is level 3 NIJ. 
 
Table 2. Comparison depth of penetration and diameter at 
difference velocity 
 Depth of 
penetration (mm) 
Diameter (mm) 
Sim. Exp. Sim. Exp. 
Velocity 
143.44 (m/s) 
5.91 6.30 7.50 8.00 
Velocity 
286.88 (m/s) 
9.47 7.60 12.00 11.50 
 
 
 
Fig. 8 Correlation on simulation and experiment for gas 
gun response 
 
 
Figure 9 shows stress distribution patterns of each 
plate at time between 6 µs to 115 µs at initial projectile 
velocity of 600 m/s. Based on the simulation observation, 
the concentration of stress for each time was around the 
tip of projectile. The projectile retained its shape when 
penetrating the plate and the tip of the projectile was 
progressively deformed at the same time as the material 
in the panel was displaced and a hole was formed. The 
maximum  stress of AZ31B was 1300 MPa and AZ31B + 
Pb + CNT was 537 MPa. It showed that the new 
combination of AZ31B with lead and CNT reduced the 
stress failure. The deformation occurred on the projectile 
nose during penetration has led to an immense heat 
generation and the material of the panel locally melted 
and lost all mechanical strength 
Figure 10 shows the energy absorption response 
through depth of penetration of each plate. Figure 11 (a) 
shows the energy (J) was absorbed through on 
magnesium alloys AZ31B and AZ31B +Pb +CNT. It can 
be seen that the resulting graph of response shows the 
energy absorption of the magnesium alloys is uniform at 
50 µs for AZ31B +Pb +CNT and at 80 µs for AZ31B. 
Figure 11 (b) shows the velocity (m/s) was decreased 
through the plates. From the analysis, the AZ31B plate 
was totally penetrated but the behaviour of material itself 
can still support the energy from projectile to stop it. The 
AZ31B +Pb +CNT can support the projectile with 15.06 
mm penetration. It seems that the depth of penetration for 
AZ31B+Pb+CNT was reduced about 40% compared to 
the original material. 
 
 AZ31B AZ31B + Pb + CNT 
6 µs
  
12 µs
  
25 µs
  
115 µs
  
 
Fig. 9 Stress deformation patterns of each plate at time 
between 6 µs to 115 µs at initial projectile velocity of 600 
m/s 
 
 
 
 
Fig. 10 Energy absorption response through depth of 
penetration 
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(a) 
 
(b) 
Fig. 11 (a) Trend of energy absorption increase through 
plates, (b) Trend of velocity decrease through plates. 
 
 
4. Summary 
The fracture behaviour of magnesium alloy with 
reinforcement of Pb and CNT has reduced the depth of 
penetration up to 40% compared to the original material. 
Reinforcement material such as Pb and CNT has 
increased the capability of energy absorption of materials. 
Energy absorption is an important factor in controlling 
the depth of penetration. However, fracture failure has 
occurred because the energy applied was beyond the 
energy absorption. Thus, the use of magnesium alloy in 
ballistic applications is feasible, but several of its 
properties need to be improved. Furthermore, the addition 
of element in the original alloy composition has enhanced 
the durability characteristics and resulted in a difference 
in energy absorption. 
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